We present serial-parallel conversion for a heralded single photon source (heralded SPS). We theoretically show that with the heralding signal the serial-parallel converter can route a stream of n photons to n different spatial modes more efficiently than is the case without using a heralding signal. We also experimentally demonstrate serial-parallel conversion for two photons generated from a heralded SPS. We achieve a conversion efficiency of 0.533 ± 0.003, which exceeds the maximum achievable efficiency of 0.5 for serial-parallel conversion using unheralded photons, and is double the efficiency (0.25) for that using beamsplitters. The efficiency of the current setup can be increased up to 0.996 ± 0.006 when the losses in the optical converter are corrected for. 
Introduction
To realize large scale photonic quantum technologies, it is important to use a source that emits multiple indistinguishable single photons [1] [2] [3] [4] [5] . Until now, heralded single photon sources (heralded SPS) using spontaneous parametric down-conversion (SPDC) have been widely used because of the high indistinguishability of the photons generated by these sources [6] . An alternative scheme, multiplexed heralded SPS, has been proposed and demonstrated, which can maintain the probability of generating one photon while suppressing the probability of having more than two photons [7] [8] [9] [10] [11] [12] . However, this scheme requires considerable resource overhead in terms of multiple optical switches and heralded SPSs, since a multiplexed heralded SPS requires multiple nonlinear crystals, detectors and other elements. A further alternative method comprising a single photon source using single emitters such as quantum dots (QD) has been developed recently [13, 14] , although achieving multiple and identical single emitters is still a challenge.
To address this difficulties in multiple single photon sources, a serial-parallel conversion method has been proposed [15, 16] . The converter can route a stream of n photons at successive intervals from one SPS to n different spatial modes. Until now, a converter using a passive router consisting of a balanced beam splitter has been widely used [17] . Recently, Lenzini et al. [18] and Wang et al. [19] have realized active serial-parallel conversion for single photons generated from a quantum dot, where photons were produced without heralding signals.
In this paper, we report the experimental realization of a serial-parallel conversion system for two photons with heralding signals. We theoretically compared the conversion efficiency for n heralded photons with that for n unheralded photons and found that serial-parallel conversion for the heralded photon source could be more efficient than for the unheralded photon source. With the realized two-photon serial-parallel converter, we confirmed the efficacy of serial-parallel conversion for the case where a series of two heralding signals is detected. We achieved a conversion efficiency of 0.533 ± 0.003, which exceeds the maximum achievable efficiency of 0.5 for serial-parallel conversion using unheralded photons, and is double the efficiency of 0.25 for that using beamsplitters. The efficiency of current setup can be increased up to 0.996 ± 0.006 when the losses in the optical converter are corrected for. Figure 1 shows an example of the scheme for a serial-parallel converter, where four photons are converted into four different spatial modes. A nonlinear crystal is pumped by a pulsed laser and generates photon pairs via the SPDC process. When one of the photons in the pair is detected, a heralding signal is generated. Using the heralding signals, the controller identifies which pulses have corresponding photons, and generates an n-photon heralding signal when a stream of n photons is detected. In this example, a series of four photons from a heralded SPS n = 4 is routed into the four different spatial modes by the serial-parallel converter consisting of three optical routers and delay lines. Note that for n-mode output, the number of required routers is n − 1. The converted photons are output to the four modes at the same time using optical delay lines.
Model of serial-parallel converter

Comparison of conversion efficiencies between heralded and unheralded single photons
Here, we compare the conversion efficiency S(n) for a heralded SPS with that for an unheralded SPS. S(n) is a parameter that represents how efficiently an arbitrary n-photon stream is converted into different spatial modes using a serial-parallel converter.
In the case of heralded photons, we consider the conversion efficiency S(n) for the case where a series of n photon heralding signals is detected. Then, the optical routers are driven using the heralding signals, which indicate the presence of the corresponding photons. When the heralded SPS emits a stream of n photons, the n-photon heralding signal identifies the presence of the generated n photons precisely. For example, figure 2(a) shows that a heralded SPS emits a stream of four photons, and the corresponding heralding signals. The ideal converter perfectly transfers a stream of heralded single photons to different optical modes. For the case where a n-photon heralding signal is generated, the conversion efficiency for a stream of n photons is given by
where η SW is the switching efficiency defined as the average probability of routing a single photon in the desired modes. Next, let us consider the case of single photons without heralding signals [18] [ Fig.2(b) ]. In this case, the serial-parallel converter routes the photons automatically according to the clock signals provided by the source (e.g., a pumping laser) [see Fig.2(b) ]. However, in this case, the routing of a stream of four photons is only successful when the '1st clock signal' by chance coincides with the existence of the first photon among a stream of four photons. For this case, the conversion efficiency is given by Finally, if a beam splitter is used as a passive router, [17] , the efficiency for heralded photons is at most
which can only be attained when the loss of the beamsplitters is negligibly small. Figure 3 shows the plots of eqs. (1) - (3) for an ideal switching efficiency η SW = 1. As n is increased, conversion efficiencies S(n) of the passive router (black line) and the active router without heralding signals (blue line) degrade, while S(n) of the active router with heralding signals (red line) is maintained. Comparing these conversion efficiencies shows that serial-parallel conversion using active routers with heralding signals is more efficient than those using active routers without heralding signals, or passive routers obviously. We implemented a serial-parallel converter for two photons with heralding signals. A schematic of the experimental setup is shown in Fig. 4 . A femtosecond pulse laser (Tsunami with second harmonic generation, Spectra Physics, repetition rate of 82 MHz and central wavelength of 390 nm) is used to pump a beta barium borate (BBO) crystal (Type-I, thickness of 1.5 mm), and generates photon pairs (signal photons and idler photons). For the SPDC source, the idler photons are detected by two detectors (SPCM-AQR, Excelitas Technologies) because the detector's deadtime (40 ns) is larger than the interval (12.5 ns) between the pump pulses. Using the electrical delay line and an AND logic gate, we select the cases where a series of two heralding signals exist. Then the electric signal (final heralding signal) is sent to the coincidence circuit (SR 400, Stanford Research Systems) and an electro optics modulator (EOM, LM0202, LINOS).
Experimental setup of serial-parallel conversion for two photons
The signal photons are sent to an optical converter consisting of half wave plates (HWP) and the EOM. Optical delay 1 (65 m) is inserted to correct for the delay caused by the electric signal processing mentioned above. With an appropriate timing adjustment, the EOM rotates the polarization of the second photon just after the first signal photon passes the EOM. Then, the first and second signal photons are routed into different spatial modes after a polarizing beam splitter (PBS) and are detected by detectors D1 and D2. Optical delay 2 corresponds to the "delay line" in Fig. 1 .
We estimate the conversion efficiency S(n) of our converter based on the experimentally obtained parameters P h (1), the probability of having one photon in a pulse when the heralding signal is generated, C h (n), the rate of events where a series of n heralding signals is generated, and C(n), the rate of events where n photons are successfully detected at the same time at each of n detectors when the series of n heralding signals are generated. The conversion efficiency is thus given by
where the non-unity efficiency of the source (P h (1)) and the photon detectors (η D ) are corrected to evaluate the performance of the serial-parallel converter.
Experimental results and discussion
Using Eq. (4), we evaluated the conversion efficiency S(2) for the case where a series of two heralding signals is detected, to check the performance of our serial-parallel converter. In our experiment, the rate of the measured coincidence events C(2) between the final heralding signals and the two output signals from detectors D1 and D2 was 2.62 ± 0.15 cps, indicating that the photons are sent to both D1 and D2 simultaneously with this rate. Note that the coincidence rate was 0.006 ± 0.003 cps when EOM was not operated by the final heralding signal, indicating that both photons are sent to only one of the two detectors (D1) with these results. We confirmed the successful operation of the serial-parallel conversion.
The rate of the n-photon heralding signal C h (2) is 785 ± 8 cps, and the one-photon probability from HSPS, including the detection efficiency, P h (1)η D is 0.079 ± 0.001. For these measured parameters, we evaluated the conversion efficiency, using Eq.(4), to be S(2) = 0.533 ± 0.003. To confirm the advantage of our serial-parallel converter, we compared the conversion efficiency using routers for unheralded photons with the ideal switching efficiency (η SW = 1) . For n = 2, the optical converter would enable a maximum conversion efficiency of 0.5 [ Table 1 ]. The conversion efficiency of our optical converter is 0.533, which exceeds the maximum achievable efficiency for serial-parallel conversion using unheralded photons, and is double the efficiency (0.25) for that using beamsplitters.
The experimental losses and measured/compensated conversion efficiency are written in Table  2 . The average transmittance (t) of the converter was 0.731 in the actual experimental setup. The corrected conversion efficiency is estimated to be 0.996 ± 0.006 when the optical loss in the converter ( between a single mode fiber (Optical delay 1) and the output ) is compensated. The corrected conversion efficiency of 0.996 is in good agreement with ideal value S(2) =1 for active router with heralding signals [ Table. 1]. This result also confirms the success of our serial-parallel conversion for a series of two heralding signals.
To verify the successful operation of our router, we further measured the routing efficiency η 1 or η 2 which is defined as the probability of routing photon 1 or 2 into output 1 or 2, respectively, whereas the probability of routing photon 1 or 2 into output 2 or 1, respectively, is 1 − η 1 or 1 − η 2 , as shown in Fig. 5(a) . Figure 5 (b) and 5(c) show the theoretical routing efficiencies using Table 1 . Theoretical conversion efficiencies S(n) for an ideal switching efficiency (η SW = 1), using Eqs. (1)- (3): an active router with heralding signals, an active router without heralding signals, a passive router using balanced beam splitters.
Active router
Active router Passive router with heralding signals without heralding signals Table 2 . Experimental losses and measured/compensated conversion efficiency in this work.
Description Symbol Value in this work
Observed conversion efficiency S(2) 0.533 ± 0.003
Average transmittance of the converter t 0.731 ± 0.003
Transmittance-compensated conversion efficiency S(2)/t 2 0.996 ± 0.006 (b) a passive router (η 1 = η 2 = 0.5) and (c) an active router (η 1 = η 2 = 1). In our experiment, the routing efficiency is estimated using coincidence events between the series of two heralding signals and the detection signal from detector D1 or D2, and found to be η 1 = 0.99 ± 0.01 and η 2 = 0.98 ± 0.01, shown in Fig.5(d) . Note that the routing efficiency is corrected based on the optics components and detection efficiency. This measured value is in good agreement with the predicted value in Fig. 5(c) . Thus, it can be said that our router can properly guide photons into the appropriate spatial modes. Note that, for our experimental setup, the switching efficiency η SW = t × (η 1 + η 2 )/2 = 0.72. We note that our serial-parallel converter can be easily expanded for n photon streams by adding EOMs and PBSs. For n photons, n − 1 EOMs will be required. The next challenge will be to generate a state of multiple photons in parallel. For such experiments, improving the heralded source with higher P h (1) and suppressing excess photon emission is important. Recently, a P h (1) of about 0.7 has been reported [20] using type-II beamlike conditions [20] [21] [22] . Furthermore, the suppression of multi-photon component has been reported using various schemes [7] [8] [9] [10] [11] [12] .
Conclusion
In conclusion, we realized a serial-parallel conversion for two photons with heralding signals. We theoretically compared the conversion efficiency for n heralded photons with that for n unheralded photons and found that a serial-parallel conversion using heralding signals could be more efficient. With the realization of the two-photon serial-parallel converter, we confirmed the success of serial-parallel conversion for the case of two heralding signals. As a result, we achieved a conversion efficiency of 0.533 ± 0.003, which exceeds the maximum achievable efficiency of 0.5 for serial-parallel conversion using unheralded photons, and is double the efficiency (0.25) possible using beamsplitters. The efficiency of current setup can be increased up to 0.996 ± 0.006 when the losses in the optical converter are corrected for. 
